ABSTRACT: Dynamics of litter fall, decomposition, litter transport, and forest structure of white mangroves Laguncularia racemosa Gaertn were studied in a small coastal lagoon on the Pacific coast of Mexico from June 1979 until October 1981. The lagoon is characterized by an ephemeral inlet which is open to the ocean for 3 to 4 mo per year during the wet season. Total litter fall was 1100 g dw m-' yr.'. Leaf decomposition was much more rapid in litter bags placed in the water (0.26 mo-') than in bags placed on the dry forest floor (0.05 mo-'). Experimental 20 g (dw) samples of leaves placed on the forest floor were flushed out after the opening of the lagoon inlet. We estimate that almost 90 % of total litter fall was exported from the mangroves to the lagoon waters and that most of this was flushed to the ocean. This is due to a number of factors. htter decomposition on the dry forest floor is very slow, peak litter fall occurs just before the onset of the rainy season, and the rapid outflow of accumulated water when the inlet opens flushes almost all accumulated detritus from the forest floor and lagoon sediments. Structural, productivity, and litter transport patterns of this system suggest that mangrove forests in lagoons with ephemeral Inlets do not fit well into existing classification schemes.
INTRODUCTION
Much of the Pacific shore of Mexico is a strand plain lagoonal coast characterized by numerous coastal lagoons (Lankford 1977) . The larger systems have permanent inlets, while smaller lagoons (on the order of 1.0 km2) are much more numerous and generally have ephemeral inlets. For example, there are 18 small lagoons in the 60 km of coast north of Mazatlan, Mexico (van der Heiden & Hendrickx 1982), the zone which includes our study site. All but one have ephemeral inlets which are open to the ocean for 3 to 4 mo during the rainy season. Most of the lagoons are bordered by a narrow mangrove fringe composed almost entirely of Laguncularia racemosa Gaertn (white mangrove). There is interest in the mangroves in these lagoons because considerable recent literature indicates that mangroves are often productive, that they serve as habitat and a source of food for many lagoon and nearshore species, and that mangrove organic detritus is exported to lagoon and nearshore coastal waters (Carter et al. 1973 , Lugo & Snedaker 1974 , Odum & Heald 1975 , Pool et al. 1975 , Brown & Lugo 1982 , Odum et al. 1982 .
This study was undertaken to measure the structure, litter production, and decomposition of the mangroves of El Verde Lagoon, a small coastal lagoon with an ephemeral inlet. In designing the study, we relied on the model of mangrove structure and productivity which has evolved over the past decade based mainly on the description of Lugo & Snedaker (1974) . They identified several major mangrove commurllty types which result from differences in soil type, nutrient input, and flushing rate. Each community type has a characteristic structure and range in primary production, Litter decomposition, and detritus export. The mangrove forest types are: dwarf (originally called scrub), hammock, fringe, basin, and riverine (see also Brown & Lugo 1982 , Odum et al. 1982 . Generally, total biomass, height, litter fall, decomposition, and freshwater turnover increase from dwarf to rivenne forests (Pool et al. 1975 , Brown & Lugo 1982 . Mangrove swamps in lagoons with ephemeral inlets were not included in the formulation of this classification. Therefore, one of the objectives of this work was to determine how well mangroves in this type of system fit the classification.
Initial observations at El Verde suggested to us that the mangroves should probably be classified as a fringe forest. Although Laguncularia racemosa was the only tree species present in most of the area, tree height and the width of the mangrove zone wcrc very similar to those of fringe forests. Flushing characteristics also suggested this. There is strong river flow and tidal flushing for 3 to 4 mo per year, but during the dry season the forests are not flushed at all, leading to an overall moderate level of flushing. Therefore, we hypothesized that, in terms of structure, productivity, decomposition, and export, the mangroves at El Verde would be most like fringe forests.
STUDY AREA
The study site, El Verde Lagoon, is a small (47 ha), shallow (mean depth 1 m) coastal lagoon on the Pacific coast of Mexico near the Tropic of Cancer ( Fig. 1 ; 106"35'W, 23O35'N). The lagoon extends 7 km along the coast behind a beach-dune system but is no more than a few hundred meters in width. The climate is classified as the driest of the tropical subhumids (Garcia 1973) , with mean monthly temperature ranging from 18°C in January to 30°C in August. Mean annual precipitation is about 630 mm, almost all occurring during the rainy season from July to October (Fig. 2) . There is flow in the Quelite h v e r on1.y during the wet season (Fig. 2) The mouth of the lagoon is open only during the wet season. This factor has important ecological ramifications, and it is necessary to understand this seasonality in order to appreciate the dynamics of production and decomposition of mangrove litter. The river, dry during most of the year, begins flow just after the onset of the rainy season. The inlet between the lagoon and the ocean is closed at this time, and water levels in the lagoon rise above sea level, flooding the mangrove fringe. When the water level in the lagoon is high enough (after a few days), it begins to flow over and through the barrier in the inlet and to erode it open. Initially, water flows rapidly out of the lagoon via a shallow channel several hundred meters wide. As the water level in the lagoon decreases, flow is confined to a channel 30 to 40 m wide; tidal currents enter the lagoon and flow is bidirectional. Flow through the inlet becomes almost solely tidal when river flow diminishes. This lasts for only a short time (several hours to a few days) before wave activity and littoral currents close the inlet. This pattern of river dominance followed by mixed tide and river flow and ~n l e t closure occurs a number of times dunng the wet season depending on the periodicity and intensity of rainfall.
The highest water levels always occur when the inlet is closed, a result of river flow filling the lagoon, and these levels are always higher than the highest level of the sea. Thus, there is a strong hydrautic gradient from the lagoon to the sea. High water levels also occur during spring tides. The mangrove floor is flooded only during these 2 types of events and flooding of the floor occurred 13 times, or about once a week, during the rainy season 1979 (Flores-Verdugo 1985) . Both tidal and riverine flooding give rise to strong flushing of the lagoon. Measurements of water levels and current velocities show that the lagoon can drain to the level of the sea in a few hours when the river erodes the barrier open (Flores-Verdugo 1985) . Thus, whenever the inlet is open, there is almost always a strong net water flux to the ocean because of river discharge.
The lagoon is bordered almost completely by a zone of white mangroves Laguncularia racemosa, between 10 and 50 m wide, with limited occurrence of the red mangrove Rhizophora mangle L. and marsh vegetation (Muehlenberyia sp.). Several species of filamentous algae (En teromorpha sp., Chaetomorpha sp., Cladophora sp.) and the seagrass Ruppla maritima L. grow in the lagoon waters.
MATERIALS AND METHODS
The floristic composition and height of trees with diameter at breast height (DBH) greater than 2.5 cm were determined using the point centered quarter method (Cottam & Curtis 1956 , Cintr6n et al. 1978 with points 10 m apart and the first point a few meters into the mangrove fringe. Transects were run at 2 sites, one of 50 m near the river mouth and several adjacent transects of approximately 25 m each about 2 km to the south (see Fig. 1 ). Several transects were necessary at the second site because the width of the mangroves did not allow for the minimum number of necessary polnts on one transect. At 10 additional locations equally spaced along the south branch, the width of the mangrove fringe and the percent of the canopy overhanging the water were measured. Density, basal area, and complexity index (Holdridge et al. 1971) were calculated from these data. In February 1985, 5 equally spaced transects were made along each side of the south arm of the lagoon to measure the occurrence of seedlings. The transects extended from the water's edge to the back of the mangrove fnnge.
Litter fall was collected monthly from July 1979 until October 1980 in ten 1.0 m2 traps placed randomly In a white mangrove zone 0.1 ha in area near the mouth of the Quelite River. The traps were suspended above the level of highest water. Leaves and twigs were separated and dried at 65°C to constant weight.
Decomposition was measured as the loss of leaves from nylon litter bags (2.25 mm mesh). Thirty-six bags containing 10 g of dry white mangrove leaves were submerged in the channel under the overhanging canopy near the litter-fall site in October 1979, and 36 bags were placed on the floor of the mangrove swamp adjacent to the channel in December 1979. Three bags were removed each month from each site until June 1980. Sampling was terminated at this time because almost all leaves were flushed from the floor of the mangrove area and from the lagoon bottom during the wet season. The bags were rinsed to remove sediment, and the contents were dried at 65°C for 4 d, weighed, and combusted at 550°C to constant weight to obtain ash-free dry weight (AFDW).
To investigate the fate of loose litter on the swamp floor, we placed 20 g dry wt of leaves in each of ten 20 X 20 cm frames with 5 cm sides under each litter-fall net in June 1980 before the beginning of the rainy season. Because of the location of the frames, no additional litter could fall into them. The frames were checked for remaining litter in September 1980. In June 1981, the experiment was repeated. Ten frames were placed at the same sites, and 3 frames were placed at each of 2 additional sites located farther from the inlet. At the 2 additional sites the 3 frames were evenly spaced on a transect from the water's edge to the inland extent of the mangroves. In addition to 20 g of litter, we placed 10 small, buoyant plastic balls in each frame. The balls at each site were of a different color to enable us potentially to follow the fate of any material leaving the swamp. The frames at all 3 sites were checked for remaining litter in September 1981. The standing biomass of leaf litter on the swamp floor was measured in June and September, 1980, in five 1.0 m2 quadrats placed randomly in the area where litter fall was measured. The leaves were dried at 65 "C to constant weight.
The biomass of particulate organic matter greater than 2.5 mm on the bottom of the channel was measured monthly from July 1979 until August 1980 in 10 random samples collected by taking the top 25 cm of sediment from a 39 cm diameter plastic core and sieving the sample through a 2.5 mm screen in the field. The samples were dried at 65'C to constant weight, combusted at 550°C for 4 h, and reweighed.
During each trip to the field, temperature and surface salinity were measured. Toward the end of the dry season in early June 1985, several measurements were made of soil and water salinity along the south arm of the lagoon; a time when there had been no rainfall for several months. Soil salinity was measured from wells 30 to 40 cm deep. Samples were collected 3.0 m into the mangrove fringe on the west side of the south arm about 100 m from the river, and 3.0 and 10.0 m into the mangroves on the east side of the lagoon about 3 km from the river (Fig. 1) . A more detailed discussion of these methods is given by Flores-Verdugo (1985) .
RESULTS
Water temperature in the lagoon ranged from 20°C in December to 35°C in June, reflecting the tropical climate (Fig. 2) . Surface-water salinity ranged from 4 to 35 ppt. During the dry season the salinity gradually increased from 18 ppt in October to 35 ppt in June. Salinity in the wet season was highly variable depending on tide and river flow. In June 1985, the surfacewater salinity of the lagoon was uniform at 30 ppt. Soil salinities at the west site and at the 3 and 10 m sites on the east side were 7, 18, and 18 ppt, respectively.
Laguncularia racemosa was the only species of mangrove encountered along the transects. The width of the mangrove fringe varied from 9 to 50 m and averaged 19 m. Using measurements made during the transects, w e estimated that about 40 O/O of the canopy hung over the water and about 60 % over the florest floor. We assumed that litter fall over the water and forest floor were in the same proportion. Mean canopy height, stem density, basal area, and complexity index are given in Table 1 . No seedlings were observed along the transects or at any other time during the study.
Total annual litter fall was 1100 g dry wt m-2, 89 % of which was leaves. htter fall was low during the first part of the dry season (November to March) and highest in June (279 g m-2 mo-', Fig. 3) . Seventy-five % of litter fall occurred in the dry season, and of this, 70 O/O occurred in the 3 mo prior to the opening of the inlet.
Leaf decomposition was much more rapid in the bags placed in the water (Fig. 4) . After 6 mo, 21 O/O of the litter in these bags remained as compared with 73 O/O in the bags placed on the forest floor.
All leaves placed in the litter frames on the swamp floor were washed out by September in both 1980 and 1981. All of the plastic balls in the frames also disappeared. Several searches of the area turned up only 2 balls (from the site furthest from the inlet), which were found on the beach outside the lagoon. The standing crop of leaves on the forest floor in June 1980 was 300 f 21 g dry wt m-2. By September, after 1.5 mo of river flow, we measured no leaf litter remaining on (Fig. 3) . The weight was low during the dry season, peaked soon after the inlet opened in both 1979 and 1980, but was rapidly flushed out and/or decomposed during the wet season. These results suggested that most of the litter fall to the forest floor during the dry season was exported to where W,, = weight remaining t mo after the ith mo; Wh = leaf fall in the ia mo; k = degradation coefficient for dry leaf litter; t = time in mo before the inlet opens. This calculation yields the accumulated leaf litter on the forest floor by the end of the dry season when it was all exported to the lagoon. Thus, we calculated that 76 '10 of total litter fall during the dry season reached the lagoon waters.
DISCUSSION
The mangrove forest at El Verde presents an interesting contrast with mangrove systems studied in much earlier work. Structurally the forest is simple but production and export rates are high.
Structure and composition
The forest is composed almost completely of Lagunculana racemosa. The value for the complexity index is similar to that for dwarf forests, while the basal area is intermediate between dwarf and fringe forests ( Table 1) . The average height is at the lower end of the range reported by Pool et al. (1975) for fringe forests.
The almost complete dominance by Laguncularia racemosa observed at El Verde is not unusual for this type of system. We have found this to be the case in numerous lagoons with ephemeral inlets which we have visited as well as in semi-isolated mangrove systems located a considerable distance from the sea. The dominance of L. racemosa in this type of system is probably related to its less stringent habitat requirements than either black mangrove Avicennia germinans or red mangrove Rhizophora mangle and its ability to grow in any of the mangrove zones which have been described (Thom 1967 , Rabinowitz 1975 . Other factors which may be important are that (1) the requirements of propagule germination and seedling establishment vary for the different species of rnangroves (Odum et al. 1982 , Rabinowitz 1978 , (2) A number of characteristics of propagule germination and seedling establishment suggest why Laguncularia racemosa is dominant in such ephemeral inlet systems. L. racemosa requires considerably less time for germination and root establishment than the other species of mangroves (Rabinowitz 1975 (Rabinowitz , 1978 . The characteristics of El Verde suggest that there is a narrow period when mangroves can become established and that L. racemosa is most likely to be successful. During most of the wet season propagules would be flushed from the system, while during the dry season propagules fall either on the dry forest floor or in the water; there is no exchange between these 2 areas due to lack of water flow. The short period at the end of the wet season where there is tidal flooding and low nver flow, which would allow for seedling establishment, favors L. racemosa.
Another factor which may help to explain dorninance by white mangroves was mentioned by Snedaker (1982) . He reported that Lagunculana racernosa was the dominant species in areas experiencing a relative lowering of sea level (such as uplifting coasts and regions of recently deposited sedim e n t~) .
He specifically speculated that this might be the reason for dominance by L, racemosa in several lagoons along the southern Sinaloa coast of Mexico.
The coast of Sinaloa has the highest frequency of Pacific cyclones (an average of 3 per year) along the west coast of Mexico (Secretaria de Marina 1974) . A number of authors have concluded that in areas with high hurricane frequency, mangrove forest structure is poorly developed (Lugo & Snedaker 1974 , Lugo et al. 1976 , Cintron et al. 1978 . The last hurricane which directly affected this area was in 1976.
It has been reported that high soil salinity causes poorly developed mangrove forest structure (Cintr6n et al. 1978) , but this does not seem to be the case at El Verde. The low soil salinities suggest that groundwater seepage from higher elevations east of the lagoon may keep soil sahnlties relatively low during the dry season. The fact that the mangrove fringe is backed by a lush growth of brackish marsh support this idea. In addition, salinities in the lagoon were never hypersaline.
Litter fall and decomposition
Total litter fall of 1100 g m-2 y-' for El Verde is in the upper range reported for mangroves (Lugo & Snedaker 1974 , Brown & Lugo 1982 , Odum et al. 1982 , TwiUey 1982 , and is close to the mean reported for riverine forests (Table 1) . Thus, even though the mangroves at El Verde have a poorly developed structure, the rate of litter production is high. This is consistent with the conclusions of Pool et al. (1975) , who suggested a relationship between productivity and freshwater turnover (freshwater input divided by receiving waterbody volume) for the different forest types of Lugo & Snedaker (1974) . Dwarf forests had low productivity and low freshwater turnover, fnnge and basin forests had intermediate values, and riverine forests had the highest productivity and freshwater turnover.
The mean annual discharge of the Quelite fiver is approximately 200 times the volume of the lagoon (and varies from 100 to 400 times) so that freshwater turnover is very high. Thus, El Verde may have a comparatively high nutrient loading despite the fact that it is located in a semi-arid region. Espinosa et al. (1981) reported similar results for mangrove systems in the state of Baja California, Mexico, where total mangrove litter fall of 948 to 1631 g m-2 yr-l occurred in an area with annual rainfall of only 250 mm. It is apparen.t, therefore, that litter production is not necessarily correlated with mangrove forest structure. In these areas of hghly seasonal rainfall, high freshwater turnover and nutrient loading apparently lead to high litter fall. Lack of water movement during the dry season, difficulty in propagule dispersion and establishment, and storms seem to inhibit the development of a robust forest structure.
Our values for litter decomposition under wet and dry conditions are similar to those reported for other mangrove areas (Odum & Heald 1975 , Day et al. 1982 , Woodroffe 1982 . As we mentioned earlier, the difference between wet and dry decomposition has important ecological implications. Because of the seasonallty of litter fall and the low rate of decomposihon on the forest floor during the dry season, most of the dry season litter fall is still intact at the beginning of the wet season.
Lagoon hydrology and movement of organic detritus
The lagoon hydrology is characterized by a mixture of riverine and tidal forces. As discussed in the description of the area, when the inlet is open there is almost always a net water movement to the ocean. The floor of the mangrove zone is flushed about once a week. These hydrologic characteristics result in a strong movement of organic detritus from the mangroves to the lagoon and from the lagoon to the ocean. Our calculations indicate that 76 % of mangrove litter fall during the dry season ends up in the lagoon. This is a result of low leaf decomposition on the forest floor during the dry season, the removal of essentidly d l accumulated Litter when the river begins to flow, and the fact that about 40 % of litter fall is directly to the water.
What is the fate of litter fall during the wet season? About 40 % of it falls directly into the water. However, we do not definitely know the fate of litter falling to the forest floor because we did not measure decomposihon during the wet season. (We stopped these measurements because of the virtual absence of litter on the floor during the wet season.) We can, however, present a range of estimates. If we assume that decomposition on the forest floor during the wet season was equal to the rate measured in the water and that there was no export until the end of the wet season (there was no litter in the litter frames at that time), then 65 ' 10 of total litter fall during the wet season and 74 % of total annual litter faU. reached the lagoon. We believe, however, that most of the litter fall during the wet season reached the lagoon waters. As mentioned earlier, the forest floor was flooded about once a week during this study, removing most accumulated litter. If a leaf has an average life of 1 wk on the forest floor, then it will lose 6 O/ O of its weight before being flushed out (assuming the wet decomposition rate). According to this, we calculated that 90 "G, of annual litter fall reached the lagoon. Thus, we estimate that a minimum of 74 'i'b, but probably closer to 90 %, of mangrove litter fall reached the lagoon waters.
We believe tha.t a significant part of the organic detntus was also flushed to the ocean. With the inihal opening of the inlet, POM in sediments near the inlet increased dramatically and then was almost completely removed (Fig. 3) . We believe that this POM was flushed from more remote areas of the lagoon, accumulated near the inlet, and then was flushed to the ocean. The site where we measured sediment organic matter measurements was near the inlet, so it is possible that some of the mangrove litter was deposited in the more remote water areas of the lagoon. However, FloresVerdugo (1985) reported that Ruppia maritima beds, which extended 1 to 2 km along the south arm of the lagoon, were completely eroded at the beginning of the rainy season. We have observed this R. maritima flowing out of the inlet and accumulating on the ocean beach. These observations, along with the fact that the only place we found the plastic balls was on the beach, indicate that the entire system is flushed strongly and that there is probably minimal deposition on the lagoon bottom. Thus, it seems that this mangrove system which is isolated from the ocean for 8 mo of the year is exporting the majority of its litter. For El Verde, up to 90 % of total litter fall seems to be exported from the mangrove area proper and most of this is probably exported out of the lagoon. The average daily export of 2.7 g m-2 d-' is considerably higher than that reported for other mangrove systems (0.15, 0.7, and 0.7 for Florida by Brown & Lugo 1982 , Odum & Heald 1975 , respectively; 1.1 for Puerto k c o by Golley et al. 1962 , and 1.2 for Australia by Boto & Bunt 1981 ). There has recently been criticism of export studies in general (Nixon 1980) , so perhaps all of these estimates should be considered carefully. However, our present data from El Verde Lagoon suggests strongly that much of the Litter fall is exported offshore. Direct flux measurements should be made to test this hypothesis further.
It is possible that small coastal lagoons with ephemeral inlets such as El Verde play an important role in the dynamics of nearshore coastal ecosystems on the Pacific coast of Mexico. The productivity and export is high, this type of system is common, and the tropical ocean is very oligotrophic (Whittaker 1975) . These factors suggest that these lagoons may be seasonally important in the organic budget of the close nearshore zone. Hopkinson (1985) concluded the same for nearshore waters of Georgia. Resolution of this hypothesis must, however, await more information on other coastal lagoons to determine ~f El Verde is a typical example, as well as more detail on the ecology of the nearshore coastal zone.
